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Abstract

Two experiments investigated the effects on auditory signal detection
of introducing visual cues that were partially correlated with the signal
events. The results were analyzed in terms of a detection model that
assumes that such cue-signal correlations will not affect sensitivity, but
will instead cause the subject to develop separate response biases‘for each
cue., The model specifies a functional relationship between lhe asymptotic
values of these cue-contingent biases. The overall results of the experi-
ments supported the detection assumptions of the model and the general bias
learning assumption, but indicafted a more complex learning process than

that specified by the model.



Several current models for signal detection represent performance as
jointly determined by psychophysical variables (e,g., signal parameters)
and such "background" variables as relative frequency of various signal

events on previous trials (Atkinson, Carterette, & Kinchla, 1962; Luce,

1963; Swets, Tanner & Birdsall, 1961). Typically these background variables

determine the response bias parameters of a hypothetical decision process
relating signal-produced sensory states to overt responses. To the extent
that the subject's choice 1s controlled by these biases, rather than by
discriminative information provided by the signal presentation, there is

a formal similarity between detection experiments and probability learning
experiments (Atkinson, Bower, & Crothers, 1965, Ch. 5). The present study
deals with a detection situation analogous to probabilistic discrimination
learning In a probabilistic discrimination learning experiment each trial
is initiated by one of a set of cues, each of which corresponds to a par-
ticular probability distribution over the set of possible trial outcomes.

The comparable detection situation is called a cued detection task. Here

vach detection trial is initiated by one of a set of cues, and each cue
corresponds to a distinct probability distribution over the possible signal
events. (That is, whenever a trial is initiated by cue Ci the probability
of signal event Sj is given by 7ij') If these distributions are differ-
ent the cues may be said to be correlated with the signal events. The
results of probabilistic discrimination learning experiments (Popper &
Atkinson, 1958; Atkinson, Bogartz, & Turncr, 1959) suggest that correlated
cues should come to control behavior in a cued detection task; 1.e., a
subject will come to hold several response blases simultaneously, with the
effective bilas on a given trial being determined by the cue on that trial.
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The possibility of multiple-response biases was ilnvestigated in the
context of an auditory two-interval forced-choice detection task involving
three visual cues. The results were analyzed in terms of an extension of
a detection model developed by Atkinson & Kinchla (1965) and Luce (1963).
For present purposes this model can be outlined as follows. Each trial of
the experiment is initiated by one of three cues: Cl’ 02, or C3. The
experimenter then presents the signal in interval 1 or interval 2. It is
assumed that with probability o the occurrence of a signal in interval 1
gives rise to an "unambiguous' sensory state s;» Whereas with probability
1 -~ ¢ an ambiguous sensory state occurs. The ambiguous sensory state 1s
denoted by bh when the cue is Ch’ If the stimulus presentation elicits
S5 the subject makes response Ai indicating that he thought the signal

was in interval 1. If the ambiguous sensory state bh occurs the subject

makes response Al with probability Py o where n 1is the trial index.
2

The can be thought of as momentary response bias parameters associated

ph,n

with the sensory states b whereas ¢ 1s a measure of the subject's

h’
sensitivity to the signal.
The following nctation is used to rcfer to the various events that

occur on trial n:

C. _: the occurrence of cue C_ (h =1, 2, 3);

h,n h
S, ¢ DPresentation of the signal in interval i (1 =1, 2);
b4
Aj ,} the occurrence of response Aj (3 =1, 2);
2
Ek 0’ presentation of information feedback indicating that the
2

correct response was Ak (x = 1, 2).

In our experiments correct information feedback was given to the subject




on every trial, i, e,, E always occurred on an 3

1 trial, and E, on

1 2
an 82 trial. The relationship between the cues and the signal events is

summarized by the conditional probabilities:
7= Pr(sy ley ) (h =1, 2, 3).

If 7, = 7, =73 the cues are uncorrelated with the signal events, other-
wise the schedule is said to be cue dependent or correlated. The proba-
bility of cue C, on any trial is denoted by i (h =1, 2, 3).

From the assumptions of the model it follows that

|s

» l,nCh,n

|s

Pr (A ) =0+ (L-0)E(

l,n ph,n)

Pr(A )

n

1,052,000 (1- O>E(ph,n) ’

where E(ph n) denotes the expectation of Py n° These equations in turn
> ?

imply
Pr(Al’nlSl,nCh,n) = Pr(Al,nlsz’nCh,n) +0 (1]
E(p ) _ Pr(Al‘,nlSEJnChin) [2]
h,n 1l -0 :

For the two-interval forced-choice situation the receiver-operating-character-
istic (ROC) curve is a plot of the observed proportion of "hits" ﬁ}(Al\Sl)
against the observed proportion of '"false alarms" é}(AllSQ). The present
model implies that for each value of the bilas parameter the point [Pr(Allsz),
Pr(AllSl)] will fall on a line that has slope one and Pr(AllSl) intercept
g. If a block of C trials is used to determine a point on the ROC curve

h
the model implies that

E[Pr(Al\SlCh)] =0 + E[Pr(Al\SQCh)]
where ﬁf(AllSiCh) is the observed proportion of Al responses over those

L




Ch trials on which the signal event was Si' Thus if the ROC curve is

formed by plotting the points [ Pr (A |~2 h Pr(AllSlCh)] for each C,,
the model predicts that the "expected" ROC curve will be a straight line
with slope one and intercept o. Moreover it can be shown that under very
general assumptions on the p process the difference P}(A IS ¢ )

h,n 1'"1h

- Pr(Al|SECh) converges in probability to o as the block size increases.

Consequently to estimate o we use the consistent estimator

S AISlh Alsgh . [3]

Note that this estimator can be used to obtain separate estimates of o

for each cue. To estimate the response bias on Ch trials, we use the

estimator suggested by Eq. 2:

PrAls
2 h
B o

For purposes of analysis a linear learning model for the response

biases will be considered; namely

(1- 9)ph’n +6 , if ch,n, b8y

—_ - ! 3
ph,n+l =4 G)Ph,n ? it Ch,n’ bh,n’ SE,n [5]
h,n . otherwise

where bh 0 denotes the occurrence of the ambiguous sensory event bh on

2
trial n. This model predicts that

i (6]
= 1lim E =
Py s %0 (ph,n) Ty (1_-7h)@

where ¢ =6'/6. If ¢ =1, the limiting response bias on C, trials

matches the conditional probabllity of an Sl signal event given cue Ch'



Experiment I investigated the effects of introducing a cue-signal
correlation after subjects had had considerable practice on an uncorrelated
schedule.

Experiment I
Method

The task employed was the two-interval, forced-choice detection of a
100 msec. 1000 cps signal in a background of band-limited Gaussian noise.
The noise was produced by a Grayson-Stadler Model 455-B noise generator,
and was presented binaurally to the subject over Permaflux PDR-10 earphones.
Each subject sat facing a display on which there were two arrays of lights:
a vertical array of three cue lights, and a horizontal array of three
interval lights. One of the cue lights came on at the beginning of each
trial. One second later the three-interval lights blinked on, one after
the other, starting from the left. Each interval light was on for 100 msec.
and there was a 500 msec. off period between the offset of one light and
the onset of the next light. The first interval light was an alert signal,
while the next two indicated the test intervals.2 On every trial the signal
tone was added to the background noise during one of the test intervals.

The subject's task was to decide which interval contained the signal. He
was given 1.7 sec. following the second test interval to indicate his choice
by pressing a pushbutton located directly under the appropriate interval
light. At the conclusion of the response period information feedback was
provided by a l-sec. illumination of the pushbutton corresponding to the
correct response. The total time for each trial was 4 sec.; the inter-

trial delay was 2 sec,




The correspondence between these experimental events and the notation
introduced earlier is as follows: the occurrence of a cue light corresponds

to C

19 C2, or 03 respectively, beginning with the uppermost cue light,

The occurrence of the signal in the first or second test interval corfesponds
to Sl and 52 respectively., Similarly, Al denotes a response indicat-
ing that the subject believed the signal occurred in the first test interval
and A2 denotes a response indicating that the signal occurred in the

second test interval. The illumination of the A2 response button corre-

sponds to the information feedback event El’ and illumination of the A2

button corresponds to E2.

The programming of events during each experimental session, as well
as the recording of the data, was fully automated., Program information was
automatically read from computer-produced punched paper cards, The trial
number, cue light, the interval in which the signal appeared, the subject's
response, and his response latency were automatically recorded on similar
cards for eventual computer analysis.

A particular noise level was selected for each subject during three
days of preliminary testi g these sessions the three cue lights
occurred equally often and were uncorrelated with the signal events. The
subjects ran through 360 trials each day with a fixed signal amplitude.

The noise amplitude was varied until the experimenter was satisfied that a
level had been reached at which the subject would obtailn approximately 75
per cent correct responses. The noise was then kept at this level for that

particular subject throughout the remainder of the experiment. The signal-

to-nolse ratios (E/NO) selected in this manner were approximately 9.L.



The experimental subjects were Stanford University students who had
been screened for normal hearing. They were paid at the rate of $2.50 an
hour. In addition they were told that a certain minimum level of perfor-
mance would be required in order for them to continue in the experiment.
Each daily run of 360 trials took approximately 45 minutes including a
l0-minute rest period half way through the run.

In the main experiment, which began after the three-day calibration
period, only two of the cue lights were used; these two appeared equally
often, so that xl = xg = 1/2, x3 = 0. Twelve subjects were each run
through 360 trials a day for 24 days. During the first 9 days there was
no cue-signal correlation, i.e., 7y = Vo = 1/2. At the start of day 10,
unannounced to the subjects, a partial cue-signal correlation (71 = 3/&,
75 = L/4) was introduced and maintained for the next ten days. Finally at
the start of day 21 the subjects were returned unannounced to the original
uncorrelated schedule. All randomizations in this experiment (and in
Experiment II) were effected by randomly permuting a fixed number of events
for each daily session; e.g., for each day in the first phase of Experiment

I exactly 180 trials were C and 90 of these were S Thus the signal

1 1°

events Sl and 82 occurred equally often within each of the 24 daily

sessions. However, during days 10 through 20 the S1 signal occurred

75 per cent of the time when Cl was presented and only 25 per cent of the
time when C2 was presented.
Results
The overall results of Experiment I are summarized in Table 1, which

shows daily estimates of the relevant probabilities., These estimates are

averages of' the corresponding statistics for individual subjects. The
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Figure 1. Daily sensitivity estimates, 81 and 82, based on the data
in Table 1
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Figure 2 Daily response bias estimates, ﬁl and ﬁg, based on the
data in Table 1.

10




most pertinent feature of these data is the separation of the conditional

probabilities of a correct response Pr(AiISiC effected by the intro-

W)

duction of a cue-signal correlation on day 10. Beginning with day 11 the
estimates of Pr(AlISlCl) are consistently larger than those of Pr(AIISlcg)

for each day of the cue dependent phase, while ﬁf(AEISEC is consistently

2

smaller than Pr(Sng These bias effects appear to persist for at

2C2)’
least two days affer the return to an uncorrelated schedule. Taken as a

whole these results indicate a significant conditional response bias effect

controlled by the trial initiating cues. This interpretation is supported

by an analysis of individual subject's performance over the last three days
[ of the initial uncorrelated schedule, the correlated schedule, and the
| terminal uncorrelated schedule. The only statistically significant cue
r effects occurred in the correlated phase; here performances to eilther
} signal as a function of the cue event were significantly different (p < .05
using a Mann Whitney U Test).

Figure 1 presents daily estimates of the sensitivity parameter computed

separately for Cl and C2 trials using the data in Table 1 and Eq. 3;

Q>

i . ~ .
These eslimates are denocted and 02 respectively, There does not

1
appear to be any consistent difference in sensitivity on Cl and 02

trials., Figure 1 does suggest an initial decrease in sensitivity over

days 1 through 4, followed by a gradual, roughly monotonic, increase be-

ginning on day 5. These changes do not appear to be related to the cue-signal
correlation.
Figure 2 shows daily estimates of the average values of the response

bilas parameters Py and Pye These estimates were computed from the data

11



in Table 1 using Eq. 4. Inspection of the figure indicates that a noncon-
tingent bias in favor of response .Al existed at the beginning of the ex-
periment., This asymmetry was eliminated by the initial uncorrelated
schedule, and with the introduction of a cue-signal correlation on day 10
the cue-contingent biases separate as predicted by the model, By day 19
ﬁl = ,62, while ﬁg = L0, Since the estimates of p, and p, in this
phase are roughly symmetrical around .5, @ (in Bq. 6) should be around 1.0.
In this case the asymptotes predicted for Py and p, are 75 and .25,
respectively. It is not clear from the graph whether the biases would have
continued to increase toward these asymptotes if the correlated schedule
had been continued beyond day 19, This question led to the design of Ex-
periment II, In this second experiment subjects were given ample time to
achieve an asymptotic response blas on each cue. (Latency data from Experi-
ment I are reported in conjunction with the results of Experiment I1.)
Experiment 11
Method

The apparatus and the method of prssenting the stimuli and recording
responses were identical to those of Experiment I. However in Experiment II
all three cues were employed with M =My E k3 = 1/3, and the same cue
signal correlations obtained throughout the experiment: 7y, = 3/b, 7o = 1/2,
= 1/4. Thus cues C., and C, were correlated with the signal events,

73 1 3

whereas cue 02 was uncorrelated. As in Experiment I three preliminary

sessions were spent in establishing a noise level for each subject such
that he averaged close to 75 per cent correct responding., (During these

preliminary sessions C, was the only cue employed,) Following the pre-

liminary sessions ten subjects were each run for 360 trials a day for

20 consecutive days.
12




Results

The analysis of Experiment II focused on individual subject data.
Table 2 presents estimates of the relevant conditional probabilities for
each of the ten subjects. ZEach estimate is the corresponding mean pro-
portion for a single subject over the last ten days of the experiment.
Thus, for example, each estimate of Pr(Al) is based on 3600 trials. For
each subject these data indicate the predicted response blas effects as a
function of the cues: in every case ﬁf(AllSlCl) > éi(Allle2) > ﬁi(AllSlC3)
and P}(All §,0,) < Pr(a[8,C,) < P}(All_sgc,j). Table 2 also indicates that
there was no apparent overall tendency to favor one response or the other
independent of the cue and signal condition: the group mean of Pr(Al) is
1499 and individual subject values are all quite close to .5.

Figure 3 shows ROC plots for each of the subjects together with the
best fitting (by least squares) linear ROC curve having slope one. Inspec-
tion of the figure indicates that by and large the predicted ROC curves
provide quite a good fit., These results support the assumption that
sensitivity is independent of presentation schedules and cue conditions;
deviations from such independence would produce either nonlinearity or
linearity with a slope not equal to one.

Figure 3 reveals considerable individual differences in the spacing
of points along the ROC curve., According to the model these differences
must reflect differences in the conditional response biaseg of individual
subjects. Table 3 shows group and individual subJect estimates of the response
blases Py Pos and p3. The estimates were computed using Eq. 3 and the
data in Table 2. As would be expected from Fig. 3 the predicted ordering

~

12 > ﬁg > §3 is found in every case, and the group averages of ﬁl, ﬁg,

13
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and §3 are quite close to the predicted probability-matching values

of .75, .50, and .25. However the estimates for individual subjects reveal
conglderable variability; the 15 estimates, for example, range from

.866 to .584, Although the predicted asymptotes in Eq. 6 depend on the
parameter ¢, and thus allow for individual deviations from probability
ﬁatching, it i1s not possible for the model of Eq. 5 to predict the patterns
of deviation revealed by Table 3. The Py estimates for subject 7, for
example, indicate biases which deviate from matching in the direction of
optimal performance (i.e., in the direction of p =1 given y > 1/2,

and p = O given 7 < 1/2) for both 7y = .75 and 7y = .25, whereas Eg. 6
requires that if Py is greater than Y1 p3 must also be greater than
73 (cf. subject 10). Altogether four subjects (2, 5, 6, and 7) show
uniform deviations in the optimal direction, and three (1, 2, and 4) show
aniform deviations in direction of non-discriminative performance (i.e.,
in the direction of p = .5 for all cues). It is noteworthy, however,
that in spite of the very large number of trials involved here no subject
adopted a maximizing strategy.

Table 3 also shows group and individual subject estimates of ¢ com-
puted separately for each cue condition. These estimates were computed
from the data in Table 2 using Eq. 4. Although the average sensitivity
to be slightly greater than 81 and 83,

there was no consistent ordinal relationship between sensitivity and cue

estimates in Table 3 show 82

condition for the individual subjects. A nonparametric test for such a

relationship (Kruskal and Wallis, 1952) was not significant.

16




Table 3

Three cue study: Estimates of ¢ and Py,

Sngect 8, =Pr(alsc,) - Pr(a,ls.c,) B, = é}(Allszch)/l - 8,

o C, Cy c, C, Cy

1 0.4k1 0.4ks 0.4ko 0.584 0.47h 0.423

2 0.38k4 0.355 0.265 0.687 0.561 0.306

3 0.371 0.462 0.358 0.827 0.302 0.14h

L 0.153 0.127 0. 1hh 0.693 0.k470 0.306

5 0.177 0.270 0.241 0.866 0.473 0.171

6 0.2kh2 0.226 0.200 0.809 0.327 0.167

7 0.151 0.155 0.166 0.860 0.511 0.169

8 0.233 0.312 0.241 0.758 0.516 0.304

9 0.087 0.118 0.135 0.847 0.353 0.293

10 0.204 C.226 0.184 0.834 0.451 0.379
Average 0.2%k  0.270  0.237 0.776  O.bWL 0,266

L7



Latency Results

The large number of trials employed in Experiments I and II provided
a unique opportunity to obtain good estimates of the latency distributions
of individual subjects. In addition it was expected that the effects of the
cue-signal correlations might be reflected in conditional response time dis-
trivutions. This expectation was not confirmed. Analysis of the latency
data from both experiments in terms of cue conditions failed to reveal any
significant effects. The data did reveal a consistent 50 msec., difference
in mean response times on correct and incorrect trials. Figure L shows
this result for Experiment I. Analysis of individual subject latencies in
Experiment II revealed a similar difference for each subject. These results
are consistent with the detection model considered here if we assume that
response times following an unambiguous sensory state (sl or 32) are
realizations of a random variable Tu’ while response times following any
are realizations of another

ambiguous sensory state (b b,, or b

3)

random variable Ta' It is easily shown that these assumptions imply a

13

constant difference between mean response times on correct and incorrect
trials independent of cue condition (ioea, independent of response bias).,
Examination of the individual subject latency distributions revealed
rather consistent individual differences in the forms of these distributions.
Figure S presents the individual subject distributions computed over suc-
cessive four-day blocks. The right-hand column represents a pooling of
responses over all subjects for each four-day block. IEach of the histo-
grams in the other columns represents 1440 responses by a single subject--
all of his responses over the four sessions. The idlosyncratic nature of

these distributions is quite striking; each subject's distribution

18
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Figure L. Average response latencies for correct and incorrect responses

o

during Experiment I.
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Figure 5. Response latency histcgrams fcor individual subjects over
successive blocks of four days during Experiment II. The
horizontal axis is broken into 11 intervals. The 1llth
(right-hand) interval represents all times greater than
1l sec.; the others represent latencies less than 1 sec. in
.1 sec. increments.
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maintains a consistent and unique form over at least the last four blocks
of trials. Not surprisingly, in view of the considerable individual
differences in the distributions, the group latency curve provides a very
deceptive representation of the "typical" subject: compare the distribu-
tions for subject 6, for example, to the average distribution.
Discussion

The results of Experiments I and II indicate that subjects in a signal
detection task are able to discriminate several concurrent probability
distributions over the signal events and to employ different response
biases on a trial-by-trial basis as a function of the cues corresponding
to these distributions. One implication of this finding is that a cued
detection task can be used to simultaneously generate a number of points
inthe ROC space. An ROC curve generated in this fashion has the advantage

of not being affected by session-to-session changes in sensitivity (cf.

Fig. 1), since each sensitivity level is equally represented at each point

of the curve. i
The detection model considered here appears to give an adequate account

of those aspects of the data that do not depend on the details of the re-

sponse bias learning process. In addition, when a large number of trials

were run on the correlated schedule the simple linear learning model accu-

rately predicted average subject statistics, such as the mean response

bias for each cue, and correctly ordered individual subject performances

on each cue. However the model did not provide an adeqguate account of the

details of individual performances. This is not surprising in view of the

complex and quite ldiosyncratic nature of the individual subject's perfor -

mance in this task. In addition to the variance in overall response

20




biases observed in this experiment, a further analysis revealed a large
amount of variability in the session-to-session performance of individual
subjects. In view of these findings the success of the model in predicting
average subject results should probably be attributed to its reflecting

the gross features of a rather complex learning process. It is clear that
in order to explain the bias learning process in detail a more complex
learning model (which takes explicit account of the discrimination aspects

of the situation) will be required.
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gThe purpose of the alert signal was to eliminate a time-order error

(favoring the second interval) that had been observed in earlier experiments.
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